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1. Introduction

In the past several years, a considerable attention has been paid on

the millimeter-wave devices, components and systems. It is preferable to use

integrated circuit approaches for a number of reasons. The integrated circuit

approaches may be classified into two broad categories. One of them is based

on the printed transmission lines and another on dielectric waveguides. The

former is an extension of the microwave integrated circuits. As the frequency

of operation is increased, the structures based on this approach become

smaller and smaller and the loss associated with metal conductors will increase.

The cost of fabrication of these structures will increase sharply with the

frequency. Presently, many impressive results have been obtained for the

1
frequency range up to 300 GHz especially in the area of to4 noise mixers.

On the other hand, the dielectric waveguide techniques are millimeter-

wave replica of optical integrated circuits. Components made by this technique

can be much larger than the printed line counterparts. Since this technique

is based on optical principle, the performances of the structures are more

effective as the frequency of operation is increased. The single most important

problem in this technique is the radiation loss which arises at any discontintlLies

and bends. [his problem is especially taxing when an active device is being

implemented. Because most active devices are made for waveguide or printed line

and are usually small as compared to the wavelength, an abrupt junction is

created in the dielectric waveguide. Another important problem is the inter-

facing of dielectric waveguides with printed lines. Needs for such interfacing

occur when RF and IF frequency signals are to be handled and when a bias I ine

is to be implemented for a solid state device.



In this report, we describe several topics, studied under the sponsorship

of the Grant DAA29-78-C-Ol45, which address themselves to better utilization

of mi I I im.Ler-wave spectrum hy pr(,vid i ng ai I ys is .id (,s i gn ol exi.;l I g n ::,

well as new structures.

2. Dielectric Waveguide Structures

In this chapter, we describe several innovative structures which provide

alternatives to existing millimeter-wave components. The basis of these structures

is an analysis of the dielectric waveguide structure. We will summarize here thIis,

analysis to lay the foundation for discussion of dielectric waveguide components.

2,3
Since the details of the analysis are given in literature, 2 only the key step

is presented here. Fig. I is the cross section of a trapped image guide. (Th1

detail of this waveguide will be given later in this chapter.) When c-*', we

recover a conventional image guide. it is known that Ey and Ex modes can pro-

pagate in this structure. For the former the principal electric field is in the

y direction. We will apply the method of effective dielectric constant for the

image guide (c-).

The complete field components in this waveguide may be derived from two

field components:

= 1 2 f2 (I)

y ; X

(I = ( ),h (2)

where c. is the relative dielectric constant in each constituent region in
I

Fig. 1, ti is the propagation constant and 4e and h are two scalar potentials.

For Ey mode, where E and II are predominant, we neglect H by letting 0.

y x y

Next, we ohtain the effective dielectric constant (EDC) of regions I and 2.
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In this project, we used an inverted strip dielectric (IS) waveguide2 rather

than an image guide. This is because the former permits non-destructive

measurement. The cross section of the IS guide is shown in Fig. 4. We

create a notch-type grating in the dielectric strip (rl). Then, we place a

slab material to be measured with unknown E2 on top of c to form a guiding

layer. This method yielded reasonably ar'curate answers with a relatively

6
simple setup and an efficient numerical inversion algorithm. The details

are given in Appendix 2.

2.3 Resonant frequencies of a dielectric rectangular cavity

The resonant frequency of a dielectric cavity made of a truncated rectangu-

lar dielectric waveguide has been analyzed by employing the open circuit

(magnetic wall) boundary conditions at the end surfaces. In this project, we

obtained improved data on the resonant frequency by imposing a more realistic

impedance boundary condition. In addition, we obtained the field variation

along the axial direction of the cavity. The results are believed useful for

millimeter-wave integrated circuit design.
7

2.4 Trapped image guide

In this project, a new dielectric waveguide has been developed in which

the radiation loss at bends is much smaller than in the conventional image

3
guides. The cross section of the new waveguide is shown in Fig. 1. The

structure consists of a dielectric rod placed in a metal trough.

In integrated circuit applications, the image guide must be bent in the

transverse direction so as to accomplish designated functions. The image guide

has an inherent radiation loss at bends as the electromagnetic energy escapes

from the guide as a propagating wave in the sideward direction. In the trapped

image guide, such a leakage is mostly reflected back to the dielectric portion
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Figure 4. Cross section of an inverted strip dielectric waveguide
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by the metal walls if their height h in Fig. I Is reasonably large. As long

as the waveguide is operated in the single mode rogions. the reflected energy

couples to the guide once again.

We first analyzed the propagation characteristics of the trapped image

guide by t;mploying the effectie dielectric constant method described earlier.

Next, the theoretical results have been compared with the experimental data in

the Ka band region. It was found that the guide may be designed in such a way

that the propagation characteristics are essentially identical to those of the

image guide over most of the single mode region. However, the measurement of

the radiation loss at a 90* bend indicated reduction of more than 8 dB from

that in an image guide setup.

A leaky-wave antenna was also created by using the trapped image guide.

The grating was created with narrow metal strips placed on the top surface of

the dielectric rod. The main beam direction is given by

= ()

where

+ 2n i= + 2n- (7)
n a-

is the propagation constant of the n-th space harmonic. Usually, n is taken

to be -1. Since the main beam direction is a function of frequency, the antenna

is frequency-scannable. In this project, we obtained the scan of the beam from

-55° to -l0* by changing the frequency from about 30 GHz to 40 GHz. The details

are given in Appendix 3.

2.5 Directive planar excitation of image guide

Usually, the image guide and other dielectric waveguides are excited by a

tapered section inserted into a waveguide horn designed for the least amount of

insertion loss and reflection. If, however, solid state devices are incorporated
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in or near the dielectric waveguide, the entire structure is more correctly

termed as an integrated circuit. In this project, we investigated a novel

structure of exciting an image guide from a planar printed network in which

solid state devices may be installed. The structure consists of a Yagi-Uda

slot array created in the ground plane of the image guide. In this way, only

one slot needs to be excited and the remaining parasitic slots provide direc-

tivity for the surface wave launched in the image guide. The length of the

driving slot can be obtained by viewing it as a short-circuited slot line and

computing its dispersion characteristics.8 Design of slot spacing requires the

knowledge of the guide wavelength Ag of the image guide. This is obtained by

the use of the effective dielectric constant method. The optimum spacing was

experimentally found to be Ag/4.

Experimental investigations revealed that the front-to-back ratios of

transmitted power into the image guide are as high as 10 dB, and that the ratio

and bandwidth tend to increase by introducing a larger number of director 
slots.9

Appendix 4 describes some of the data on this project. Since this work is not

completed, it will be carried over to a new contract period.

2.6 Gain enhancement of monolithic millimeter-wave antenna-detector

In this project, a surface wave antenna made of a tapered dielectric rod

is attached In front of ,a half-wave dipole slot. A beam lead detector diode Is

incorporated in a planar printed line which feeds the slot at its center. Several

different dielectric materials have been used for the substrate of the planar

circuit and the rod antenna. The experiments have been conducted at 60 G112. The

planar circuit was developed by the standard photo-etching process. Design of

the dielectric rods was based on single mode propagation of the dielectric wav0-

guide. The overall length of the rod was typically I to 5 free space wavelengths
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with a tapered section about half the overall length. The rod was attached

to the slot by means of a low loss adhesive.

The radiation patterns of the structure were measured both with or

without the dielectric rod. It was found that use of rod increases the

directivity up to 10 dB. In addition, the direction of the main beam can be

controlled into either the metal side or the substrate side by attaching the

rod to the desired side of the planar structure. More details of the structure

and the experimental results 10 are found in Appendix 5.

3. Printed Structures

Printed transmission lines are still widely used for millimeter-wave

integrated circuits. They are especially well suited for implementing solid-

state devices. In addition, these lines can coexist with dielectric waveguide.

It is therefore important to know characteristics of these printed structures

accurately. During this grant period we developed a simple but accurate method

11
(spectral domain immittance approach) for analyzing these structures and

applied it for transmission lines like microstrip lines, suspended lines, fin-

12-15
lines and others as well as for printed antennas.

To illustrate the method, we use Fig. 5 which shows the cross section of

the suspended microstrip line with tunable septums. (The quasi-static case

for this structure was reported in Reference 12.) The first step Is to

identify that from

(xy)e 2 1 f 2(,y)e-j(Ix+Z)d (8)
y -- y

all the field components are superpositions of inhomogeneous (in y) plant waves

propagating in the direction of 0 from the z axis where 0 - cos (a/ 172+ 2 .

For each 11, waves may be decomposed into TM-to-y and TE-to-y fields, and the
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Figure 5. Cross section of a rnlcrostrip line with tuning septurs
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transverse equivalent networks can be shown as in Fig. 6 for both TM and TE

components. Relations of the "voltage" and "current" at y=d+t and y=d can be

readily obtained by a standard transmission line analysis. Combining these

quantitites, we can get the relations between x and z components of current

and field at y=d+t and y=d. These relations are nothing out Fourier transforms

of tensor Green's functions. We can then apply the Calerkin's method for

numerically solving the eigenvalue equation for the structure. The details

are given in Appendix 6.

Using this method, we analyzed several printed transmission line structures.

For these structures, both the propagation constants and the characteristic

impedances have been computed.

Microstrip and coplanar transmission lines made on a GaAs substrate which

exhibits negative conductance have been analyzed and compared as to their gain

factors, sensitivity, etc. For this study, the quasi-static approximation has

been used so that the computation is simple and yet a qualitative information

is preserved.
16

Printed circuit antennas have been of interest for some time. We recognize

that, as the operating frequency yets higher, the radiating characteristics

become more complicated because of the existence of the surface wave type fields.

We adopted thl spectral domain immittance approach to printed patch structires.

Development o f the (reen's functions is formally identical to the one discussed

earlier. The eigenvalue problem is solved for the complex resonant frequenry,

the imaginary part of which -fve the radiat i.,n Q. lhe tar field pattern can be

readily obtained from the Fourier transform ot the aperture field which In turn

can he derived once the e-igenvalue equation is solved.

1he method was modified to minAlyze .a circular patch radiatlng st ructulre.

l'ht, prote dtlrc i s essentIalIv identical although the Hankel transforms need to
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be used in place of the Fourier transform and some mathematical manipulations

are different. Once again, the resonant frequency, radiation Q and far field

18
patterns have been numerically obtained. The results agreed well with

published data. Note that the results reported in References 17 and 18 are for

relatively thin structures in order to compare the present results with those

available in literature. However, as the operating frequency gets higher and

the substrate becomes electrically thick, the present method is quite useful

since all the field phenomena are included in the solution process unlike many

other methods.

4. Review of Dielectric Waveguide Techniques

One book chapter on Dielectric Waveguide Type Millimeter Wave Integrated

Circuits has been written under the support of the present grant and is being

19
printed at this time. An invited paper on dielectric waveguide techniques

will be presented at 1981 IEEE MTT International Microwave Symposium in

Los Angeles.

5. Conclusions

In this report, we summarized the projects carried out under sponsorship

of DAAG29-78-G-0145. Some problems included in this report will be investigated

more deeply during the next contract period.
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Distributed Bragg Reflection Dielectric
Waveguide Oscillators

BANG-SI r SONG sit miii Mviimk, iI I. AND) I AIFSU I I Ol.Si-NItiK MIMBIR. 111i

,4bstr..ct-Delectric waveguide G.unn oscillators are presented in which stophand is used for providing positive feedback leading
the cavity coesists of gating structures exhibiting either the surface-wave to osciltionl. We will test an oscillator in whic~h the
stopband or the leaky-wave stopband. Oscillation conditions and design gaigo n ieo h andvc rvdsasrae
critera ofthe grting structures amestudied. When a gatingexhibting the gaigo n ieo h andvc rvdsasrae
leaky-winve stopad Is used In the oscillator. the extactio of the qgtpt wave stophand and the tine on the other side gives% a
power In the direcion perpendicular to the dielectric waveguide axis is leaky-wave stophand. [his leaky-wave structure also gives
possible. -is~ Is because such a grating becomaes a broadside-firing leaky- rise to the broadside radiation which facilitates easv out-
wave antenna with high Input VSWR. put power extraction.

1.. INs Ii OiH CI Ji
TN THIS PAPER, we present first a more detailed 1.O 11AIO ISW

jstudy of a distributed Bragg reflection (DBR) Gunn It is known that Giunn devices exhibit negaitive ditfereri-
oscillator developed earlier I . Then we introduce a new tiat conductance when the operating trequenc,% iN an iii-

DBR osctllator in which a leaky-wave antenna is iii- tegral multiple of transit frequcnc 181, 191. Ihercfoic. the
tegrated. These oscillators are made of dielectric wave- negative conductance and ihe positive suscepian.c oif ihe
guides and are t.ehieved useful for millimeter and Gunn device peak around ihe transit frequenc,% il i 1
microwave integrated circuits. The leaky-wave antenna where ir is the as erage electron drifi velocit and /is the p
integrated in the new structure is hroadside firing. In diode lengih. Since the electroii drifi vel(icity depend)(s mI
conventional antenna applications, such a broadside con- the applied field 1 101, ho~wever. it is possihle to shift itic
dition is avoided due to its high VSWR characteristics. In peak of the negilvc Onld 'UCtaiiLc arid the positive stiisep
the present work, however, this high VSWR is- Intetion- lance, as well as their amplitudes. by vitir'ing tlic biis
ally made use of for providing a frequencN dependent voltage until the oscillation conditions in ( l a) and ( I h) ire.
positive feedhack to the gain device in thle oscillator. satisfied. I hesec oiscilaiiori co nditions ire

In most dielectric ssaveguide millimeter-wase intei!rated G, i (1I
circuits, a solid-slate oscillator is miade oif aI (itun orB, ,0
I MPAI-[ diode implatetd in a rectangular dielectric ,+/1 IIli
was eguide cavit 121. In such a structure, the I resnel where (i, and /I,, ire thle conductancec and tile slisccpiiice
reflection from the end Surfaces oif the resonator provides of the diode, and G,~ and B, are the ~oinductance and (the

feedback to the active device aind leads it) oscillatiii. In susceptance external to the diode. Around the ia usil

the recentis developed original version of the I)BR Giunn frequencN. the (itirin device canl be tepresenited hN in
oscillators 1ll, how~ever, the feedback is provided bs, the equivalent circuit consisting, o4 a negaise ciindiiiLLIt 1k

sio-called surface-wave stophand phenomenon of the igrat- ( (; <.. ) in shbunlt sA ill a positive suscpta icc ( 11, 01ii I II
Ing structures created in the dielectric waveguide 131. %s is therefore, we have ito supplN the diodte esnernalls ss lbi

also demonstrated in the hand-reject filter 141, the surface negative sursceptance wAhich is inductise to saiiisf\ [ii
wave is strotngly reflected hack from the grating structure oscillation condition (1h).
in a narrow frequency region. Such at frequcnc *' sensitive Although various Ispes ot gratings can tie uisd.
reflection is useful for realizing a high-Q iavit) for the meehanicalli, created iioich t, pe pecriodic groosc e (icth
oscillator made of a dielectric waveguide. In prac- dielectric waecuide have heeii used in the oscillat, 'is I .1l

lice, the DBR oscillator resembles the I)BR GiaAs lasers the surface-wave stophand. thle period (4 gralinp d
developed in optics I1. 161, chosen such that

It is well known that the stophand phenomenon ap,- R(1)=
pears not only in the suriace wave, hut also in the leakyv-Reid =12

wave regions [71. In the structures described in this paper, where 11 is the phase constant (if the dielectric \oavcgtIIdc

the leaky-wave slopband as well as the surface-wave with gratings,. 11 can he approxsimated h\ (the folloissinp
dispersion relation 1121

Manuscript received M4ay 5, 1979. revised Septembher tIf 1971 t-his coslid~ cos( f, tios /1,,(d oh)
work was supporied in part hv a V S Arms Research uniter (,rdni
DAA629-78-6i-0t45

The authors are with the t0epartmeni of Ilecincat tLngincering. the p, , l, snI Ii 5(d i
University of rexa%. Ausiin. TX 7h7 12 I-, /1" sh./"ai
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Fig. 1. Ad-lid diagram of the grating structure; 4It, .10. 45. min.
d- 11.0 mm.a 5smm, h3 0mmt0.9 mm.i-

Fig. 2 An original version of the t)BR oscillator siructuic. v, -10
where ft, and 13,~, are the phase constants in the grooved III-3.0 mm.l- 16 5 mm. d - 11.0 mm. a - 5 

5 nm. 0 nunt. -09

and nongrooved sections of the waveguide, respectiveliY. mm. r~ml60 mm. t,-l15 mm

In the stopband. #? is complex due to mode coupling
between the forward and backward waves. When we
neglect this mode coupling, the dispersion curve (Ad fId
diagram) will look like the one shown in Fig. 1. Point
.4( jd=iT) corresponds ito the surface-wave stophand ,''.

where strong mode uuupling occurs between the two space
harmonics fl,~ and /II (negative /I means traveling
backward). All of these space harmonics are interrelated
via

where fl, is the phase constant of the dominant (m=O) .*-

space harmonic.
The leaky-wav*e stophand is created at lid= 277 (Point B Fig 3 Equivalent circuuit of the t)BR i,5(ilaim

in Fig. 1) by the interaction between the space harmonics
&? and -i /I which are no longer surface waves, and the
radiation peak is in the broadside direction normal to the
waveguide surface. Uhis leaky-wave stopband gives strong
reflection due to the backward space harmionic /I
being coupled ito fl, which results in high VSWR.

The original version of the I)RR oscillator emplo,,ing at
surface-wave stophand can he implemented as in Fig. 2 -

by placing a Giunn device in a small vertical hole drilled-- -

in a dielectric image guide I 1. T-he ground plane is used as
a heat sink as well as a dc bias return for thc de% ice. Vhe '
bias is supplied through a thin wire 7onnected to the . . j
positive terminal of the diode. The equivalent circuit of
the I)BR Giunn oscillator in Fig. 2 can be drawn as in Fig.
3(a) (11. 121, where Yd is the equivalent admittance of the ..

diode, and i'. Y, are the input admittances looking Into
the two grating reflectors on both side%. r'hese grating ItIs 4 Admiitaricec siril t, he diodec in ihe I t 2 ij, tic
reflector-. are capacitive in the stiopband Jhus a quarter-
wave transformer is Introduced between the diode and the
reflector it) pros ide ant inductive load to the device. I'he reflectors ['he %ariaiion of 1,, with frequenicN is shi wwn III

resulting simplified equis alent circuit is showk n t ig. 3(b) Fig. 4 for thc l)HR oscillastor in Fig. 2 1 he ctonduc taint
and I ig 3w~ when we have made Luse of the following and the susceptance peak at the lower edge of the de
relatitrins signed stophaind I-en though whe csniiot detiii ie

actlN the salues of 1, and H, of the ( Iuint dleske. . , aiid
+ 6, IBH can be controlled tip it) a few nuillinihos hi, the esie incl

~ ~V ,, bias vinliage ins mentioned earlier in this secotin tothect
Important faL for w& hit hi ,innot) he negICL tedl IN the shiit;

I'd (1, + /H, (5) capacita nc-e and the seees irid ucla ntc of4 the i'iie

whee ) isthetotl euislen adittnceof he steneldiode packaging whi(.h ire approximatels in the inge if
wher Yis he i~tl eui~lentadmllace ~f he vaenela few tenths of ai picofaiiad i nanoheiirv. respec tivelI, \1t
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anen:N-1, t 0 -2.0 m, d- 11. mm -40mm

Mm..

Fig.e pe ist - locate.S it iscilltor ith adeilt-n lheky-wtvr

oeatna N-r.quenc. 9-2 1m dG..0m.1-. mi

6.0e mm.hn is0 mm.hown mm. ig. m. In~4 mm.s stutre, 1th i.eDtie d-~ iga rudth on 4i i

10ft-hnd se oresponndid rovie 04 mhol Thfutoe, C ''

whe wrvies tosierfetisn effect oscillation is arelily toe
bocurindte aioe hf o the topnand hereo ohe gait-
tance pek is katd Swo tims tht tof dhesgnthecentae9U
ftreuue on the rigtpan ailitle( ighe tha27n the es-red9

Thde anew R~) olan s the high VSWe raito ley
wave thlandiyshw-iwFg.avIeti structure, the bedtrie b 4.1 -

It proide th reflection forfcin osilatf 5s wall asleen therp ndcl
whrde adiato the ant auenna [rmhe pieio oranggie nFi

ton the leftais about i two tre-sce hatvfteubrae. s At the.

varuces onthlight. venig onte osillation theqenN lf-ndieeti wa.guds Grov dept an/rtn e

sredeandy Rensd=it-e n the right.dh randto agleo a. l- adit.Yerfeto ofiin t1 il
fromd the eay-aven ptrcfure, canhe et rmined grain is fon oh'.5i .h -leetgaig i(i h

por of sin (rgnl6) silto h w n i.2i

11. isti s N ) )i( -o ~Fwi. th R faet~n d oef eac of r-and i 2emet gaered to ,ti~id

whereougis te an meaured trom he dirctiuc ntigr uwatdln refleiden Fioug 2 edsg h

toesurfa and ntain the s resace waettnier jAtlhl the ece il elwrta he1-ltcne
leaky-wmauetn (qint and grete caw) of whierh 131. c as1 mentig. soste surface-wavereflectiontcon-
mensa Procdtio Aglero te (bradside.o ohis angle freqiens a 5nd 2-eeenuptwr nothype grin varyihe
varies )Nghl deposend on the fosllton fihcrequen eetic w svlagues.th (iroov depethe d gratilaperio
ithe ftrecinpeoeo.u otesohn ishw are adjuste 2 ad to give elts crenpte frqunc aig.d
fr eq ctsensitve ande the bndiadtho an relcin~l a Osciilbandit.[erfetion coqec maue effce atl() Gi-

eendri onatera(tg pfil the, lengtho thnmertin tis fon thoer . l (in the -lemen graing h0.t in the
rgion. etc.mIn thi work bndwrindh, h beenmade rwd 2-elemoet grati, thes~c reflecing oeffictalio If)on~t

(ItGdz)(io that theb~ osilato can be aIlaitai-ned rfoeuces tof 0.3[he ater myh sflfrteot
feebac frm 1). nd he rriginr .pai ifIf h~led porft ofthe oriina R oscillator how bitin Jig. 2 in

Altoug w xliste an bac prtisidej the desgnatiuh hihe unwnted. endh refvltigon 7en thoug weresonn i the
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It is Onlicl.ui.d that the split of the main lobe ,s caused
by several fattors One is the poor spectral pufiitt which ,s

not anl inherent phenomenon of this type of oscillator hut

is rather due It our intentional hroad-band design tit the

cavity. Another is the strong mode coupling between the

forward and backward %pace harmonics in the leak , wave

region which have different radiation angles

IV ('s% It slI,%

We have prcsented studies of DBR (juinn k tillators

with %urface-wvae and leak)-wave stophands aid somC

results for these oscillator structures. [he strtitlure is

- beliesed to gise sersatility in designing millinieth-r-NasC

integrated circuits. Further works need t, be tartied -pt

Fig. 8. Measured osciltation charactenstics of the oscillator in Fig. 2 to obtain spectral puritv and better frequenx t,% l

especially for the structures with an integrated leak.-wave

antenna. It is possible to design grating structures w ith a

much narrower bandwidth for more stable oscillation fit
designing the oscillator. it is advisable ito place the ,perat-

Ing frequenc:N in the lower half of the stopband. It is alst

r required It) insert quarler-wave transformer between the

r , device and the grating reflector Mechanical pertuibation

-' Imay he incorporated for adjusting the device nipedaic

for possible tuning of frequenc and/or power

* 0RI-IhERI N( IS
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Fig. 9. Measured oscillation charactenstics of the oscllator in Fig. 5. 131 S 1. Peng. I famir. and If I. Berionr. tAheor- of i vriodit
dielectric waseguides.' IEEF Irans Microat' Thro-n li-' .vol
MF--21. pp 121 111, Jan 1935,

* 141 T Itoh. "Applicatuin iof gratiiig in adielctvl ri. ~Isccudul.- i
- , -1 l*~leaky-wave antennas and hand-teject filters." IfF- Iran, 'i,,

wae Theon leh.. vol MI I -21. pp 1134 1138 I t 197'V51 S. Wang. "Prin iples if distrihuted feedback and distrihuted Wtage/ reflection lasers." I/.! J Quantum Electron. vol QI 1I, pp
413 427. Apr 1974

(6 W Streifer. D R. Scifres. and R I) Burnham. "( ,upled wase
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Application of Inverted Strip Dielectric
Waveguides for Measurement of the

Dielectric Constant of Low-Loss Materials
at Millimeter-Wave Frequencies

I A I S1'() I Il0Il. St \II0R Ml i-MuR. 11i1t. ANt) -WL-J I I I [IS . i. MI. Fi

Abstract-An entirei new rnethod for mneasuring dielectric properties h, 1It

of sIabltyp materils is devetupfed III using a novel dielectric vwaveguide j- '-r-.-~
structure oirigimall) designedi for minllllnieter-wave integrated circuits. 'the IS
inethod entails the insesurement of the stopliandi of die grating structulre W-6PI0I

created in the dietectric waveguide. Severiil examples tit measuremnent

results awe reported.

IIVI increaing use of dielectr'ic rcsllnitrs il i
dilIncu V..t.CgUldec\ 121, and printed tralsinil\\ln

lines ait highcr frequecies. simiple metlhods fllr .1CCrdti,

prediclting [lie pllpcr tis lof dicicuic ma~teris becom ru L T
ver, Imfporltant I hereC atec litrcriIN a nlumrt of lilclhldS,

a.aji.ihi ll foricCsuling dilctr'ic prolperties of matrili

medta a! utlcrI IV. .5t: atnd rniiiinclcr-V. al5c frequeiels

O)ne 1ica taintchold IN thc USC (If AWt. cvuidcs or Aa.lc1,urdc Iit I t~Il .imrtl Sczip (a) I-,'~ eOti,,nl ;h),v ind' I t

ca~ itie%. %hich arc either partiliili' orclniplci\ fiicd

with dilctric' inlti ti he tricaslircd 111 ( ai~c. inadc

of strtlpilncs ,r ttlltiostriline, haw' l'c also. been utsed 141, iI dilttrrit nlip 121 \k licit pCil 'kilk Igi11,\t Arc kli I ll~dII

cnerg\ fronll t IdiccttIrit, spheic kii h used
1 

fori c'.luilillg It it ofiiC Is .l1iI~t I II ltltii di II~i 1111

If diecitit trilii f 14\l(ls sith niateCI us mi nultro- as I icis. '.l'C mfltli~ II I hiI-rIi'ftlI lI 'I

anu.cdl niiiiiticIcr-%,t'.c frequecies I tic Metchod niukcs, Altholugh lhtC iIltciliiA st'htCH iTii\n be lI'.Cd It 1' 1101I

use of 'lo 1 phand pliefioInicna Ilh'.cr'Cd III pcrltldl. StIUC' pratical aN 111C filter 'IIllttlIC .1t5 10 Ili cdiicslkItl I'

trcs I. rcarcd in ininI\' crtcd strip dicfctrlc. 45 IS..t'\ cgtlldc required. Henciei. Ac C .ill lIst [lie 111111 lilcill d III IilS

de\.cilopct rcetNll 171 Ithc priiipic Of fihe riicat'UiI0ICII paper I hc freijuetic'.l~s)Iiis .f life lilict 1 Is .tki o 11 . 4

procc%%s %4i11 he cspl.iiicd Ini lhc fllIVin1 1  papiIC Al the dimelnslins of1 til. is kacv.' ltdt. tilt lf i '1"

I h trls s~ll~ilIfili I V.t~i~udCIS li IViilii rprle of [ilt' fiting .1ticdlil~icl It'l tiIlii IflloI fill

Iti ko~ sc-tonof if I ",\C' .!UdCP,111\41 III Ig miaterials nias hc kctcinic li lli i~'.ided Al othiiI1 Iiaic
li)I lie riiaj-r polrlllr III thc \Ai%. ecrl z' pIp~ IlIIle'ti nwi

that porltlil lOf the gitinL Iatscr irinncdiatckst'. thce fw it. ll'i1'iic ~lcrcI s4I'I'I'I 15

Vlanus~ripi Ietiiis,ld I )eeriher 26, 197S1 C'istlj J1inlI 4. 197 i% 1 waveguidc hi, siih mlclsltin L! h ilic i~jctlt.tl 5 itsic 1,
w,,rk was %uppsrted in part hi, a ( S -Srim Rescar, h O r.,nl 0A'A2 ILII 1"
78 (,p010 the ni1471 prilton ,f tis paper was lprcsenred si the tile slophaid. sLich Is the kcIllcr filtri. 5. lt' AIV.

1' urorwan Mi, r.'wtse Ifefrente Pais. I rincc in Sc 1 'tcnlher 1979t handit edge.o lit'lit uipperI hiard cd1cc
I liil I% with the iDep~trnrellr ofI ltti-iia I rigirlccning. the I flitI- Ini iic piopIsce iit.Isuilticill sc111'%%I Sti't I . I'll,

,it, f TevtAs Auoimf I \ 'S 712 m tra .II n n Ai ilki tIt e Itd t
t J llsu ., ith the '.n.t,,n1i relephner If mifpmiN Anicir~~ ( A rtlrl .11 tl~~Y isli' ~ ~tsil slt Illrr

4211101 lii.t f ( lilt: IS \k.i'.itiidlI I lit pef i.' ii IIIII1\t'S III C

(KX-9480, 79 II(li)41,il 1'S , 11 1 1
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1-i; Z 1 pic~t %,Aeep :csponse f romi I h grainrg sr ruttIur 20 imV dis.
24 IN( ;II/

Created as, shI.%n Ii Iii. I i [thc dlielectric Ntip SI hich hasN
a knowkn dielecticf constant. Whenl We excite tis Sitructu re
ss ith a swxeep soul e A Stroi ng reflect io n IN hSerx~ 1d atithe
stltphand. pros idcd thle frecquencI, rairee of the sweeperi'"
cos ers the sinipha nl. A\ is ical response friint anl IS wAas e- qc G

guide wilh periodic gomses Ii its dielectric Strip is, show% i fig I (iAk kired kisti CLI(i st,, 11hb,t qind ma-i urs-I~ kci.t

in Viv. 2 dieleInji 1111iitFi.iitI tl hi~kOIC- Ah n-1iC (JCIi'sIi'

Let uIS no0\ dis:uss the aleroithm to obtain thle dielectric mmrio 2 if ih eiilog ~Ii nli~ tnf.. j)iiI-
counstanrt from thle measured data. First, if we assunie that I i
the dielectric toi inlat e: if the uliuding laser is, know n. the (i) 1r 1~ I71 jimi dI 1017m.
center frequene\ ti thle stiiphand is, glisen h\ MiI I h. 7 ii I 00i ir111m.1

itI (2 H I I i iS , fifii di I fluffiir

IN'( h "i. 5)i m dj 6 25 irin
wAhere hr vi .anrd t irc tire thickness. width, and dielectr ic
Loinstant it thle dlicle triL Strip. hr. is tire thickness of the
guiding l~iser. arid / is thie gratine perriod Alsoi. a and 17'l\IK J1Nr )((IMR
,ire flte I cnuLIIi Ain klIIthe deptIIh of tire L1,oes I i1iae )II \i C5 Ni .1 f I 1~ Ii d I S

that I IS a frrnction itro all the pairceers Ii thle parethel- I Ile IS 'Asgud 1ith crAingI setiJons LaIIir( h 1C isc

ses. Nio dlosed tornil of / is ,rsirlale floisr, %,itle, Iif hied frontl a1 I.lye Priind Alrr ,arCt,riizrrLir dIcc ,I I I A

are vi% enr nniericills is espcxIr;IInd cci theII11 ApIIpceuId i x strip (f 1) \,.lit perrodliL )toSs. an it la i ;II ,i rri Ii ,II II
Ouri plibletir I[ hand Is it, solse (1) fur . that is. to measured I,%hih is uised xs the vurlirriv lier Ir IS liculi ii

oihi din in practice it Nhe perriiod ii gnIilises I isclei mileirIlul iii h It

s"1a that Ire stophAirId iipeis Ill thle freIClIeriL% 5 r rim
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spoindrng set itf srruciral parametercs Iiif strrictires not efficietiris arid ito resoils thi. Ntiphaini L~enl Is .r-k

pruidedl A ih Nii om iiie itrou litiuu procedures miay tranrsitiiin front the Lcitiial tc(tiirli neil \\Is i
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I %AMP]liI l MiAsi Nil) I~I l i , Ih osIsissi

_______ - - \~We prolposedt a simiple method for mcla'suriiy lIil. ditckk
trc cotistant oIf slah-Ispe iiialtals for O111i'ws

itiiltiete-wseapplicationis. A nunii of feituicesO Il il
-- method arc listed as well as results of Ntill. C\aIIIjllt

measurements. I he latter agreed well AjIh da ta Nnpphll
bs nianufactui ers.

powe~r to arid the reflected power from the IS wAis'egiidc Ari-Ni'l s\
assem blx I he range of sweep is adjusted until the stop- I Ri I\,.\ JON (Mi F11 A I I), I)
hand appears. Read the center frequency f, of the stop- lhg IlOFevt1aks ra edi1C % )L
band. Measure all the pertinent ph~sical dimensions in- Alnthough a smore nithodI I, ilam ldi ih d lit.s-n it,
solved. 2) BN using either a graphical method or a com- to I ieliln C1OJIIteI I
puter-optimization algorithm explained earlier, obtain the liniithe gi ac' at iig Sl ion Wei tAie mod5. ~eu til ginI [.4 kI
dielectric constant (, of the unknown slab material,.h ufc-' sergli. ewl ile h rlm c

as peritldicalls castaded transnhissiili lifie, Ili II 1111Ites

phase constant /i canl he approximna ted Iii a lilaJIC ii ti i i
I\ Ri sti IIs ANtD D~IM I SSIli\5 lar to the one found Ii 1 l'ath unit tell Of hitI et~ltiII

Ill demionstrate the %ahdut\ of the method. several conisists of twAo trailsniissill lines: the gililsed settilll of
measurements have been performed Ii the fireqUncII1 length a and thle iI~n1rOO\C d section oIf lenpi Ii ( d j), InI
range uip it) I ll Altholugh there Ino inherent limit Il this analysis. ans ul. insetne ecnIl

frequenots \'.%e could not1 ise anl higher frequncIsC due tol transmission lines wIII he neglected.
unas aiabii,, of swveeper sources higher tl-in IS (; Ili We will write the .1 ( I niatrix fllr each tranisimslissI l

Examples, of measured results, are listed in I able 1. It is, line section, anid subsequently obtain the A B( P) uan i
seen that the results obtained Ii the present methold arc for the unit cell. Since thie input and Output sigiimls of ilie
quite accurate. Notie that for these examples weC Used a unit cell differs ronl\ bs a cci lain comniplex phaise i ''

L(Ittputer-(lpttmt/ailn algorithnm for inversion (If (I obtain an cigenlueLI eqUat(ion for \i. 11h is
We \Aill now% suniarile somc (If the features of the cos WI tos( +~ Ia) co 5 ( ) ,l II

present method.
I1) Since thie quarntit tll be measured is, the frequientscu\,~ il~ /I

the error involved in thle mteasurenment prI tess itself is, whfere / ,l anrd /; . , lic(lhe p'la t t In sla its iiiI lilt. vI ll td
smlland TitIngrilm\ed settillns Of thle Is \IklltciItll III HI

2) [he niethod is, simple to use and the material to be ,stophand /?,J= :7 11 pd heict i thle tilii SIUCTILultl
me~asured can be eastl\ replaced) in the Set up since the IS cue siltlll~ IIil i t'' elSlstIi l 11

wkaveguide assemhl . Including the grating section. is, held 1 he center frequetj(\, 11 %IL-re (Ibetoics a iii.imilni
in polsitio~n bo, appli "ing thle mechanical pressure heiweei 11 he phase COnstatits /l5 , and li, call be ohlbtnied h\
the guiding layler (unknownr material) anid the griound elin th qevli roblenis assolciated wiith Iilt Is
plane hbs mleanis O f clamps at the location aw a,, fromt the soin th invl

s' seui igPortion. waveguides wit h or wlit bout .I gap hetw cci the (liltuLt

.1) he 'isspaton fcto %:anotbe I~aSI~d li ile layer ( E2 ) and( the dielec Irk, stip (t;) I lie details Of the

present setup. If thie attenuiatioln due it) thle niaterial losdrvtono1?1r5ge l 2, oOian/5 cne

(.,.n be isolated. such a factor could be tncisiired. - if( I the guid.,irle iiA the d12 r sohtri ais iktii a~z~k-

esecr. it) 0(1st Olpenl structures, it is cxtremely difficult ill pitthe uiin mIllt and lmtile ndICt~ illll mIds eqCI INi

separate the radiation lllss andi material loss an roiateN ant e sreslll n t lit nei i-goip Ieill ( )I 111 121

41 1 lie accuracs of the methods, depends, on thre Inver the wffitie iecri-eclnstn f in so a regini i d)h iol.

sii'n scheme (if the nCasured data. I-or instance. both, the etfo h I-l-~lPT11 ~.ICIC q 4 n
method iII obtaini /1, and /151, anid the lone fill li h using (S in 121 shoulld be imoldified I Ilievel. all thle rcliiaiuiiie4
(Al) are appriimate, although the,, are ujoialls quite procedures in 121 reitain iilchi~inged fIll dciisationl If/1
accurate fi the ts pes of structures used here Another 11he center f~c tI (elklkIIlit
problenm is thte convecrgence of the optimi.'atuon roultine IgmneI itl i oi811 t .,1 iiiiitd iii jil111111
Somretimes. the cons ergence could be slow% and olne mna, parametet s. \4( cOIIili ic \' , M id /ill . ersul IrutlI' ikt"
be ad'.ised that the use iif graphical method toi Ibtiin hen (AlI, is soked fII1 /?, i1il1 'Acoit t~l) it '.'.~l o1thI
initial value in the O ptiniz/atioin roIutine coluld be helpful becomes, maxinmum

T he niethod prolposed here does not replace other exist -
Ing metholds. in ruins oif whilh both real and iniginars Hi NIi

pants can be nicisliredC Raither, the present niethod pill- IIP(mlnat ,taii'lw~i r~n~ifit~k-. ik
%ides a simple .alterni ic Aewheii Ilnk the rcA pailts Il)If Pri (iu olttr fli / I /I.i n,~ 4f,, IllC lfiv-I t. h It M I I1

duelei r 11 nstanis in 111w l~ss materials are needed 2r p 9tt6 W2 NIo. 1,4
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Trapped Image Guide for Millimeter-Wave
Circuits

IAIt.() II 1. 1,si' NiO mlimm. ini i N.ai 1B1 RN) . l)l'1l.'K

Abstruc-A novel dielectric wavegulde is proposed for use in solnlse-
tea-wave Integrated cir-ults. and a simple analysis for dispersion character.
Istics Is developed. Numerical results agree reasonaby with measured data.
Radiation lomes of this wavegulde at curved sections are proven to be -

comidervly less than dse of the Image guide. As an application of tbh
wavegulde, a leaky-wave radiator has been tested. ', I

1. INTRODU-CtION Fig I Cross section of the trapped image guide

R ECENTLY. a number of works have been reported
on millimeter-wave integrated circuits based on di-

electric wavegutdes 111, I2]. In addition to image guide
structures, several new waveguides have been proposed
and tested 1I]. 131, j14. An inherent problem of dielectric
waveguides is the loss due to radiation at curved sections.
junctions and discontinuities. This problem may be allevi-
ated by the use of materials with high permittivities.
However, use of such materials is often prohibited due to
operating frequencies, sizes, and so on.

This paper proposes a new type of open dielectric
waveguide which reduces the radiation loss at curved
sections in dielectric integrated circuits. The structure is
called a trapped image guide and is essentially a rectangu-
lar dielecric rod placed in a metal trough. The cross
section of the trapped image guide is depicted in Fig. I. In
integrated circuit applications, almost all the bends are in
the sideward direction. In ordinary image guides, the
electromagnetic energy escapes from the guide as a propa-
gating wave in the sideward direction at the bend. In the
trapped image guide, such a leakage will be mostly re-
flected back to the dielectric portion by the metal walls if
their height (the depth of the trough) h is reasonably large.
As long as the waveguide is operated in the single mode
region, the reflected energy will couple to the guided
mode once again. Of course, an excessively large h is not
very practical in actual integrated circuit applications. TheFi,2Trpeimggudstcue.
trough may be readily created by machining a metal plate. Fig. 2. Trapped image guide struciures
An alternative is to machine a trough in a dielectric
material followed by a metal plating. trough. we added metal side walls to the ground plane for

Actual Ka-band (26.5 40 Gliz) test setups of straight an image guide. Metal side walls to create the trough may
and curved sections of trapped image guide are photo- be removed when an image guide setup is desired. Iwo
graphed in Fig. 2. In these setups, instead of a machined transitions are provided for connecting the setups to con

ventional rectangular metal waveguides E-ach of these
Manuscrpt received May 16. 1980. This work was supported by the transitions includes a semiconical horn originally designed

US. Army under Research Grant DAAG29-78-G-I045. for image guides (Fig. 2 without side walls) and tapers on
T. Itoh is with the Department of Electrical Engineering. The Univer- the metal side walls to provide smooth transition to the

sity of Texas at Austin. Austin, TX 78712.
B. Adelsock is with AEG-Telefunken. Hoch-frequenztechnik D-7900, trapped image guide. In what follows, we provide an

Ulm, West Germany approximate theoretical analysis of waveguiding char-

0018-9480/80/12(X)-1433$00.75 , 1980 I III-
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,.iteristics ti the tra.pped imiage and the results are earn- - I corn
pared with experimental data. Some experimental investi- . . .. ,

gations on the radiation loss characteristics at the bend
are reported An application of this waveguide as a I

frequency,-scannable leak,-wave radiator is included.

1i. As AI YSIS Oi iIt PROPA6AIION .4.- ,1 .... ,

('IIARM( I IRIS I S

Ihe complete field cmniponents in the straight section - , /

of this waveguide may be derived from two field compo- "

nents C 20 30 4 C

S= 1-.) i. % ( I Fig. 3. Theoretical and experimental disperson characteristics

= -2h (2) The method presented above is only an approximation.
(),% It is expected that the results are accurate at higher

where f is the relative dielectric constant in each con- frequencies where the field is well guided. However, at
stituent region in Fg. 1, fli is the propagation constant, lower frequencies, the results are less accurate becaise
and p and 0" are two scalar potentials. Since the structure then the field extends to the Regions 7 and 8, and the
is very similar to the image guide, we classify guided assumption that h is infinite no longer applies.
modes into E' and /' types. In the former E, and H, are Some numerical results are plotted in Fig. 3 on which
predominant field components and we neglect H, b) experimental data are also indicated. In the computation.
setting 0 =0. Next. we assume that the metal wall height the value of c was varied and dispersion characteristics
h is reasonably large and the electromagnetic wave is calculated. Also, the results for the ordinary image guide
reasonabl, well guided. Then, it is possible to neglect the (c---) are included. It is noticed that all the results for
fields in Regions 7 and 8 in Fig. I. This assumption allows the trapped image guide approach those for the image
us to mathematicalls increase h to infinity. When this is guide at higher frequencies because most of the energs is
done. we can divide the cross section into three vertical in the dielectric rod and the effect of the side walls
regions: 3 and 5. I and 2. and 4 a-d 6. We will apply the becomes smaller. At lower frequencies the effect of the
method of effective thelectric constants (El(') to this walls becomes significant. The propagation constant /?
hNpothetical structure 13). 141. Fhe EIX. .,, of the central approaches the cutoff value (free space wavelength A,,)
region (I and 2) for the vertically polarized ( E ) modes, faster than the image guide case. The smaller the value of
max he obtained from c, the more pronounced the effect of the walls is Actually.

A : it is expected that the true value of fl should be larger than
,., ,- ,(3) the computed one near the cutoff, because there our

assumption that h is infinite no longer holds. Such is

where A, i the solution to the eigenxalue equation clearly indicated by comparison between computed and
A ~ experimental results for c= I-mm case in the 25-30-(;I

.tan h I)' -k =0. (4) range. We also notice that all other experimental data

qualitatively agree well with theoretical prediction. The
Equation (4) is *btained by matching H, -g' and E. - experimental results at higher frequencies and those for

I '. t;),'v at the interface y=1 for a hypothetical image guides have some quantitative discrepanct with
slah structure realized b, letting a approach infinity. The computed data. It is believed that the cause is in the
-I)Ds for 3 and 5. and 4 and 6 regions are assumed to be experimental process which is quite sensitive to the per-

one. turbations applied to create standing wave patterns used
Next. "e replace the hxpothetical structure with another to measure the guide wavelength.

hxpothetical one. consisting of a vertical slab of width 2a Experimental results for transmission loss of a straight
and dielectric constant (,, sandwiched between air re- section of the waveguide are plotted in Fig. 4. The results
gions of width c which are in turn terminated by vertical include the loss and reflection at two transitions, each on
metal walls at k= (a + c). Notice that we now have a both ends of the trapped image guide; one from the
vertical two dimensional structure which is closed in the conventional metal waveguide to the image guide and
sideward direction By solving the eigenvalue equation of another from the image guide to the trapped image guide.
this final hypothetical structure for the phase constant k, From Figs. 3 and 4, we find that the propagation char-
in the slab region. we obtain the propagation constant of acteristics are almost unaffected by the trough over 27-
the guided mode from 40GHz if c-4mm. For smaller c values, the transmission

V - - loss increases at lower frequencies. This is because of
A. = V(,,jA A" . (5) larger scattering at transitions due to larger differences in

. ..L. ... .... . . . . . . ,.
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,3 Fig. 5 Transmission loss in a curved section oif the Irapp d irnapg
30 35 40 guide.

Fig 4 Transmission loss in trapped image guides: the length between
the transitions is 20cm.

/I between the image and trapped image guides. The -' ... ... *
scattering loss is largely in the form of radiation at the " , ' 1
transition. However, no radiation has been detected from
the trapped image guide section for any value of c.

Ill. RADIATION AT CURVED SECTIONS

Next, we investigated characteristics of a curved section Fig. 6. Radiation loss from a curved section of the trapped image

of the trapped image guide. As an example, we used a 90' guide.

bend of center radius 63.7mm (Fig. 2(b)). The launchers
from the metal to image guides are identical to the ones than - 20dB) and its characteristics do not depend on the
used for the measurement of the straight section. Similarly different arrangement of the dielectric waveguide. This
tapered transitions are used from the image guide to the fact dictates that most of the energy scattered ii the
trapped image guide. We studied the following setups: an dielectric waveguide section is radiated and Is not coupled
image guide (c-,YZ) and trapped image guides of c=2 to the metal waveguide mode through the transition.
and 4mm. In the two latter cases, we also removed the The second quantity we measured is the radialed en-
inside walls of the trap, as we believe the radiation at the ergy. Since the radiation occurs at several different Iica.
bend is generally directed to the outer side, or away from tions, viz.. at the transition to the image guide. at (he
the center of the curvature. These two structures are image guide to trapped image guide transition and fiiiall\
labeled with a subscript a. such as C.a- at the bend, it is desirable to distinguish these compo-

The transmission characteristics of a curved section are nents. Although complete distinction is not possihl,., ss
plotted in Fig. 5. It is noticed from the figure that, at tried to receive the energy radiated at the bend niui
lower frequencies where the effect of the trough is mtqre strongly. To this end, we placed a standard gain hmn ;it
pronounced, the transmission characteristics of the image about 5cm away from the outer wall of the image guide
guide are improved except for the c=2-mm case where it wall location. The axis of the horn is on the tdius of
is believed that the scattering at the transition is quite curvature intersecting the midpoint of the curved sction
strong. When we remove the inside wall, the loss decreases Therefore, the horn is looking at the setup in a symNimetc
considerablk as shown by c. =2-mm curve. Since c, =4- manner.
mm case is indistinguishable on the graph, only c=4-mm Fig. 6 shows the frequency characteristics of the adia-
case is shown. Notice that the transmission characteristics ted power captured by the horn. Onlx the result, ir
in Fig. 5 include the scattering loss at transitions from the c- 4-mm case and the image guide case ((" -" ) ,tre plotted
image guide to the trapped image guide. to avoid crowded drawings as in the other cases. i.e . (1= 2.

Since radiation also occurs at the transition from the c,= 2, and c,= 4 mm gave results sitilar to thotse fot
image guide to the trapped image guide, we find that the c=4-mm case. At lower frequencies, we see considerable
radiation loss caused in the curved section itself should be reduction in radiation by the presence of thc trough %alls
smaller than those in Fig. 5. To confirm our argument, we It is, however, not possible to quantitatlvels Compare
have measured two other quantities. The first is the reflec- different trapped image guide setups with eaCh other,
tion toward the microwave source from the dielectric because radiations from several different sources are inlet
waveguide setup including the transitions. The results mixed and the relative contributions from these sotittes
indicate that the reflection is generally quite small (less will not be identical in each case
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4 1 H 4, ) Fig 8. Radiation pattern.
Fig. 7. Computed and measured (x) main beam direction.
Feantenna is backward firing. The differences in theory and

IV. GRATING LEAKY-WAVE STRUCTURES experiments are mostly less than 20. Fig. 8 shows a typical
E-plane (yz-plane) radiation pattern. The pattern is a bitThe new waveguide is still an open waveguide as the asymmetric as the antenna was placed near the edge o)f a

trough is not covered. It is well known that, when periodic asymmetric s A ate l s troace d a t ioned e the

perturbations (gaig)are created in an open waveguide, big metallic slab. A relatively strong radiation in the
heruationgs(gratings) e te in ae wave or +72' is caused by the fact that the transmitting oscillator

the resulting structure exhibits either the leaky wave or radiated power directly into the feed horn of the antenna.
surface wave passband and stopband phenomena [5], [6]. The main beam width and sidelobe levels computed by

The structure works as a frequency-scannable antenna the simple theory above resulted 60 (at -3dB) and

if Iflk I< I where k0 is the free space wavenumber and - 13.5dB as compared with measured values of 6.50 and

P-=P+2nr/d is the propagation constant of the nth - 14dB.

space harmonic associated with the grating with the period

d. The main beam direction measured from the broadside V. CONCLUSIONS

is given by We proposed a novel trapped image guide for millime-
1/3 nX ter wave applications for the purpose of reducing the

M= sin- + -d " (6) radiation loss at curved sections. Fundamental propaga-
tion characteristics are obtained by an approximate the-

Usually, n is taken to be - I. It is seen from (6) that 91 is ory. Numerical results are compared with measured data.
a function of frequency. If the attenuation of the guided Investigations of radiation loss at a 900 curved section as
wave due to radiation is small in the grating the radiation well as the application of this guide to a leaky-wave
pattern is approximated by that of the cophasally excited radiator are included.
linear array, and may be obtained from the well-known
space factor calculation. Then, the power radiation is Rai1.RI'N( VS

given by 1I1 R. M. Knox, "Dielectric waveguide microwave integrated circuts

2 An overview," IEEE Trans. Microwave Theory Tech.. vol. MT' -24,.
S) I sin ( NL/2) (7) pp. 806-814, Nov. 1976.
S N2 sin(4'/2) 121 H. Jacobs, G. Novick, C. M. LoCascio, and M. M_ ('re-ta.

"Measurement of guide wavelength in rectangular dielectric wave-

-k k 0dsin 0 -j#d (8) guides," IEEE Trans. Microwave Theory Tech., vol. M1T-24. pp
815-820, Nov. 1976.

where N is the number of grating elements. 131 W. McLevige, T. Itoh. and R. Mittra. "New waveguide structures
for millimeter wave and optical integrated circuit." IEEE Tram

We developed an antenna from the trapped image Microwave Theory Tech.. vol. Mt1T-23. pp. 788.-794, Oct. 1975

guide with e,=2.56, a=b=2mm, h=-4mm, c=4mm. The 141 T. Itoh, "Inverted strip dielectric waveguide for mslhmeter wave

grating period was taken as d=5mrn and the number of integrated circuits," IEEE Trans. Microwave Theor Tech.. vol
MTT-24, pp. 821-827, Nov. 1976.

elements was 28. The grating was created with narrow [5, T. Itoh, "Applications of gratings tn a dielectric waveguide foi
(I mm wide) metal strips placed on the top surface of the leaky-wave antennas and band-reject filters," IEEE Trans Micr,

dielectric rod, Fig. 7 shows the computed and measured wave Theory Tech., vol. MT1"1-25, pp. 1134 1137, t)ec, 1977
main beam directions when the frequency is changed in 161 8. S. Song and T. Itoh, "Distributed Bragg reflection chelectic

waveguide oscillators," IEEE Trans. Microwave 7heorv Terh., vol
the Ka band. The negative values of 0, imply that the MT-27. pp. 1019- 1022, Dec. 1979.
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WIRICIi [N PL\NNAR I-XCHlATION OIF

AN IMMA -Gil lDI

11 ii . 0 1i lilt I n,I I ,

I~ ~ ~ 'l ot.Ilui..1I iglit i-i

UI i n, 'ti Ivt I iii tilt.1

ABS FRACI' 1he length of the driving element is chosen so
that it is at half-wavelength resonance. Note that

\11 ma goll IsA ex C IteId h's I SI.t ';Ii I sId1.I irt ta I it' iltt Cafl I-t ewed ;I!;a sho rt -c ircu it ed slIot - Ilie
i: -I t il te I rIouLnd 11 lne so tli IIIte 111 1inl . th II1 With tin 1 -s 111 HVslc Ib of the image-guide as the

ixergi t r avel I , a sp, -I IfI ,Id di nect r n. lie methoid is miub tisit e lience, to determine the resonant length,

-iftl totr implert nt itig planar J vici'. lot' inagev-gIle tlit( aiIal)-is developed by S. Cohns ,6 was utilized and

IT, !"L'- .yielded aI secotid-onder approximat ion for the guided

Int rductlollwavelength. Design data was available from various
curves in Cohn's analysts and tile slot-line parameters

Reest were subtstituted to git~e the length of the resonant

.arilevt ly, ittktare forippl hae beein mligte IT,'V slot . it add ,iIon, the end effect in a shorted slot

Int e r e of I wr ker ir ipp I ,- , o d te ,t I nt in agii II i et I' -wheia,l to be take ii i tnto ccou n t. R search cond ucted by

I icrattIV Ixt I e. .1 to airda-te ito t itge-glde IttTt It md i Savo : indicates that this factor serves to

OI:, ti111-eniled it,.vcguitle or Iwicevgiide. horn Jesigiisl Itturllentg-hitioasatiuchettgt0%.

ti- t hi it-a,t lioilint it inseirt its hiss antd retiet Ton.

eses C trltur is., it h goiod design ain, ilseflil fur itter- lit obitin the mtaximum excitation of the image-

!.iIg the itnaplguide- with ccitlcent ioal Wivegutd tt -- guide ttode in one directioi., it is necessary to adjust
iiwe c II tu m II ieter-av IntVg 3I l thle Yag I- lida s lut paramet ers . By lengthening and

ar t> oevr hi tr i mee-aiinegaa sitirtenin, lilt par-asi tic sltreflector and director
cul' rebultwih mae-g~uide stricttures. Itamtr re iietdi nraethe coupled energy

ruc,e-sri that sIoid 5tlt i tte slvi-if, Inilli)tt~ :, i)
lear ~ ~ ~ ~ ~ . Iii " glll .F. u -p- Ie drstio. Fl research conducted

.1 I>ll litg l , , T a te i , , '
uttIe cr I Irect IlV Ii utossu (I h , ki l 11la.,r i tltt11) .~C1,Ul 3HItUir, ' ividicateS that the reflector

'_ microstt ip-. J'0.et tmh1)lementttion ,Ii soill leligth is appiroximately S% longer than that of the
c.i, "ice's Is tnot ier~ i twrirtng its theilUt1i-1-1 dit~l Jncad the di rectoir is abIout 10% shorter.

created liV the d,ii v l atulcie a tthien it pirobliem, -tih

irU 1 il d nirie!i..i, mu u -S Ih, li ipti mum ne vvton p~a,:i ng was experimentally

Ial leciat. sUch pi-obiem. soll'ae recen.Jt1 hJutI detti nnI 8to he K/lI As for the director spacinig,
.1 nmasimuml gain, ciii Iii ac:hieved ItY adjustitng the width

p'Id ai slot ;trutiitre In the ground 1 ilans It' tilhnevgt f h It, ogi'ssihsaigde
inmige-gutile in.! plaietd aI detector diode Il e "lI'.,li tlthfteso sln a uhsatgde

Sh t 1 rijttt tin 11,tt le, tX, ,j ittc~nt i d f; g . \oi, tht 'g lit oulr appl icatlonl

tiilt. to lte ri liti vein good . lOnt it the problemn f I lol siiil"i the gilt It h-lIlt'lgt I ilie IYIMode Illt the
I'lI I 't ils tii . h0-scer , I s t 11it t he Ii I I C 'iS! 1 )1iii e ~n id 1 p I ig ih me "ti!

tIl I" I- IlI 1 t m litA til in.1 1 1t t1

I ! fti lot is fo,
1

Icr escit:iti11t. the lir i- , pi it ttrsti ti, ,tf fir the i 5 ii ttlIlIy pit i iI-: ed mode'
St obot h 6d ree t ions I ii t he i mage -goitiie. l

I pape r proposes .i metlhodl forI silist lilt 1.11 It I I(vi
n'. rvainltg the direct iity iif the exc It atlei Irims tI,, 01iir, I, o! 0,~l i i it iii~lOi~a I

sl:)t Itt -lie grouind plane. *This seltemeciiit o itv~J~e-1j1 1

sI i-slots in tite ground plane arrantged in) a Ya Iit ia

.1 ,i ati-rangenient (F Igurc I I littIllke Ithle il. 1-.J . , .,. % Ili 1i~ti I

altrrange-ment , tii- igi-ltdai array iei ell oiv ,it, t I,-i
metit t*, hes activye, t hw-. redluc ing thle ituitilt of rt-li I

t. itl ci d ilces. "':t la I I ', ai mioluit Iv t ipc 1:g li

11714N inserted lilt')ti le diI1L trIt gkitid lilt 1"T %i tt T it "t 'it tir- is TI-hial (',i w a11 . t 1  ."thbtIt

relo T t d I low vvt, h, re nt ! uctl(t lt"t 1-11 -tti alit 4,! iii s%, Ind ingthell elghtuai-

Mitre ajpropria;te tor mil l infter-t..nt . ir- ljilt v xe,:- .11",r it t 1,T igti ~eo-

i-ittoo .- f -t I ijitit lm t' I I it ti o sI a a I i'. s

tittin-li1- 1. t it 1 ii gt t I th, ti'rmti "iI itftriotmdn e i

I. nttIk ii, . sipptir~ I ii , tt hi , i andv pt-tud t iii o!mt.xIfi i-ttsa irtu tdadt

0 -- ir vit HIl I. 'i till' ai n Itirt 'N, titi t(e -it iiith were dtctrmninii exipeimentally

-trises Icctrxt~ii5 Program t-~t'7



I tho igh an .,-tl~l , lh .. t ,l rii t l .p." -t b. kirir .ind .1 'Saen:, "Lud effect in a shorted
i1-tilted ill the drl\tlng slot, otll ohle t ive lic t I". t > -l t ." 11+.:1. Irans. i 111r, vol. 21, pp. 579-580,
't id - tie lcolipIll I etweetn the slot arr~i\ .nd I he ;It embelr 197.
I a g il Ide. To I hi; ciun , we -t Il Cd V , -et., .i I lfit, d

i t ing 1lil -.1 t I" i, t'tvl i,.1l -tlir, I : ; 1, I il-rp'l cfk ild ItH. 's.,ehler. "A new method for
I i ,, If .l111 lIl Ashough I i I . :i, , , t 1i- l i 1 nit ll i llll io ll g.i 1 r i J I i t Yagi antennas ." IRI

1"i 0 itt" -a, KO ti plan Il"' -in o . 1" .,is-sI Il i ,, t iin , an llol _ I rJ. A -
,lii ~ i ,l td , l !t l~ ~ ll d I l tihallii " I1 " < l'i p + 'i l ) b ' 19 9 .

Itit ll1 slt tilt JrlVlng slot • It Is t9iti.,lltpl.tl k. Wa .
tor aislratoi-ry 't idies. figure it) proposes i plan" 9 . ii. F shenden and I. I. Wibin, "Design of Yagi
type teed with a -lot-line. Design of all efficient aerials," i'roc. IIE (london), vol. 96, pt. Ill,
feed by this mestsanism is more difficult. pp 5-12, -rTFT959.

Ixperimental Results 'I. 1 itoll alld I. Adelheck, "Trapped image guide for
milllmeter wave circuits," IEEE Trans. KIl, vol.

karious configurations were tested and the follow- N111 - 28, pp. 1433-1436, December 1980/
ing parameters were used: a design frequency of 7.5
Wii:, a ground plane thickness of 0.1 ma, and a dielec-
tric constant of 10.0. Yagi arrays with only two ele-
ments (driver and reflector, driver and dir tor) ere
tested first. The measured front-to-back ratios of
transmitted power are shown in Figure 4. A relatively
high ratio is obtained with the reflector behind the
driving slot. However, the bandwidth is very narrow.
A wider bandwidth (hut a lower ratio) appears in the
cac of till' drrivvr ff1nd direcfor when tict" i dt ,f fit

irilcctlr I, lirgit . I) Intrtlucinlg more direfi' .' lill
the irr 'y. a higher rat io Anl1d wider bandwl dth i tl-
t.i led. ['he results tor 3, 4, and S elemefnt irrao

are hown ill i-igure $.

Colic I ls I oil

[he principles of the Yagi-tlda array are applied
it, the slot-fed image line in order to reduce the radi-
-tion losses and increase the energy transmitted ill tilt
pe aied direction. Tie experimental results sli ,

that even with a two-element design, one can obtain
greater transmission in the forward direction. A five
element design proved to have a wider handwidth while
maittaining an overall increase iii directivity in the ".,o

desired direction. rhe results reported il this paper
are believed to he viable and call prove to be effective

it the delgn of planar millimeter-wave circuits using

imge-guide strlt-ivres. It is expected thit all in -

S I 1 .ij nl ml f of Ii r e I l emellt., l iiip t l f i il( froIt

t -, i, , xtil tif .tti t F ii liin trther. lro idid i -ire

k,. I-e rt'cdct

Su-S. -ofig., I Ito, -listributed IKragg R-fletiion I IG(lIR I S101 -U.i itlLICTRIC IMAGL VIM_
!lvlectric s:ieguide OsciI lat rs," lEFE Irans. Fil'l,

NoI. I f '-. , 'io. 12, pp. 1010 1022, cDce r 
" 
119i l.

: ', ['ill] - -, 'r . . hang, "Mtllimeter w.ivv Image
gUilt integrated pa.,sive devices." IlM Irans. tI',

\,ol , f1 2t), No. 1i, pp. 731-'+-1. l,Octob ,er 0- "S-

V , oL Iatch, "-,lots in dielectric lmags' Iint. it, mod'
ltunchers and c irui t element s," I1FI Trains. 'II I,
.i epted for pul cat ion, paper no kI

I W s I .IRi lt h v ind ,1. Ron . ' l I '"),gl i i . ,,i i,,

.A surfae wiv#' lahicher for dielef rii imag.ie I tie-,

11111 Trans. iT, c l. kI"I 01, p p l' 
1  

1l ,, A ulg,'.f

* i H. oiifhn, ")lof I i dh ele tris ti-l trltt,
,

IFA- !rans. -IT1, vil . [i; I'. pp. 7t0, -', iltlrh~l

Ii , I , Ma rl . ,11. , l . .. I'. lit 1in1 ' iii l- l T i-i i
l i II IeJr ind I, kl il I", embe. 10'11-1094,.
tie, emher- 14PITW " --
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%I I .LLI W I I-i \%Vt Pt ANAil Pi Y0I VAN INA, xi I m I)lII 11(TpIW VE~IA)S

' li an 41( . V -' 
1

I~
Huglies Airc rat t toloplty

Iteotroll tviailitc % tivision
i o X .t I ,,ia i, Smilevarrt

1-. It1 h
[)Cepl. OfI I"' iIt 11 ilngine, ring

\ si, Vsas'S" 12

Mteasurenients have Loeln iliaR~' o11 %ir,o,;, aritinia onfigunrtl.,_j" njjtjt)I- tr olvltointegrationl at mallimleter-wave

trequences. The basic 'itt ( tijr'' , osists oI t single slot dipole raoijaiir et.'o dielitric substrate and combined with a
beam lead detector diote. i ntialili 'Itw o! the interma dire(itisItS fns b~enaci'v throigl the Use Of dielectric rods oriented
over the slot area. \dditlion ofthines rod, ha~s imnprovred direitivit, uip to Ir) dlik at w) kii..

Int roduin BONDING

There is anl ever nt) reislrg iterist :;l thle .ippht oill

of monolithic fabrication tectril~es to nillite ter- ai , on-
ponents.1-3 0n'' such objec t~ve of -onoillli(in tegration is to
eliminate the use of waeui oinectlorl to a it' ,it
including those from an) anitenna to t s-ter. In) order to do 50,

,in efficient antenna Stroctirt,' illst tc dv. lopoim wtiici Oir)

combined with quasi-optori; or other'sii'i teihni llieos to hiltil itULN

the overall directivi tv reqtil elnents of the ss-st PL AM

One aiteinim %tritijri beling, rie !tgait-i ., t1w lpi~i rI

slot dipole. Dy ,i olibillng a dipite -I 'tt' )tin 11tI'lt" 5111-

strate with a divjitri rod, teed orleitedi %-r tile slot area,

the directivity is improved and ield pattern is sl~ta'le tior
feeding a parabolii or ('assi-grain strtirture.

The slot atnteit is it, .idapitioll of c [.itii.r iiili

designii,5 that ises two shlortedlqire (5i~llil trill1-

sion hles. In this speciLl ai~i,lii t ,liitri- il tril,-

mission line is used ti. fei'lahl-a'do I l'I t llo' it ti
t

t

renter. Figure I shows the li out oft t1-' 'ie ind m 15

bonding pail is includced! it 't(, end it ti- t(i( for 'ltlia

heain leaid diod!e arii vicleo oitiplowi'. ri- pI) i'i dk It'l sr%

fbr bonding a dJetector iyi' .i 1 i.t.1i to t!"' -Ii ilitlig S~1
qroii lv plate. LT

t,(M I ll l-M T HPill F ANINNA

t'ioroiighlv evaited to dite ar, V ,to arid ir t/. I i)r I il't0,' lp-vl te\S adsvr
('j .z nena ,swi i), ~n, u~litikce , - ')cth i ni;srprvdteVW ad prevented svr

ti, l k with I S , i, I ' ,)pwr , l.iihiii. w' I.ik t~l' jliar t/ albrritios ilk the taltatioit pattern. Ilielectritc nadterials for

siihstratei were 2)r 'il n tti ivitth plate~d q) i r *\k ioll - tie rots o-ic re , o'it to be cotmpatitile with thme slot antenna
1, ,at on. iibstr'ite. I or the Teflon substrate, rods were made of

TefiilonI. brio' r, to ,ii li f t fabric-ation of the rods for the

tii'iit toi's'l-w-lI th to hei titrq tg' ~ ~ iart.' slitbstr,1i 11Mii tili's. horoin nitride was usedt for the

lower als itij, ,p tl Ine ti o it I nII 155 'ppa, Ia, itvi' , to iiids r~ither thian qi.'tz.

the (lindeC. *\ditiiuial caa d~ Itli' owas idd-i ii '.itapp~iriv, tI"i
thin film eapacitors ito the bonintg pad as showni in Figuire ?. [)(-sign if thie dir-'ectric rods was based upon single
Thius dditional I dpat I t atm( i ni reaseri the iti't, i teit i i~t rIiiide propagation it die lr' t ri w avegi ide. The overall length
voltage hv 20 dlit. this imIproviriug thei iiv-rill cit! i ns of thei rodf wasi, vpical l 3 to free %pace wavelengths with a

taper- sitSi trli u ihot hilt Ithe overall length. rligiire 3shows

lli'e trii I-,Il a tvpwil divet,' nil rod. NVthtloigtl the overall aintenna perfor-
Iiall 1' tilav he Im proved Ii ir ther :,v iiion' extensive design

The dlireitivltN 01 a 'ilplv slot dipole
2 

is rittuir poor it proiia'irr kit ttii'tool stricture, the presenut attempt exhibited
being ( onitered as a feed tor atn antemna Iys ..r . ... ellinm e mire 111.111 sit statorv re-sults, as shown titer.

the directivitv. a1 mel rangilar iil'ctri' riid , as pl if i'd over
the dipole area, it Is welt I1owli that tie tiee iti, rod lan he Rods wete attached to time slot anteni hy means of a
usied ais a sum ti(r wase atttennu.6 it the present %%urks, such a polystyrenec baseit adhesive. Its low dieler tria constant and
suirface A isP afiltflna rod is isedl is a direi tor to cnhaiwe the tow loss niature assured little perturbation in th- radiation
t~reP tivltv of ine slot aintenrti. Tapering of the rot in one' or pattern due to t% presence.
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Spectral Domain Immitance Approach for
Dispersion Characteristics of Generalized

Printed Transmission Lines
I A ES1 0 11 OHJi Si-N.IrR Mtit-R t:1-

.4bsfu~r--A simpie method for foritulation the dyadkc G.ree's fune-
flow In the spectral domain Is presented foe gemetull~ed printed tramisd-
%*0om Haet whidi cotaini several dielectric lavers and conducwtor. appearing ---

at several delectric Interfaces. The meathod Is based on the tr-amverse

trmoroue ls omuain rcetIss Aml ta fte Itis Ilig I Oo- c,~ run oft a microsinyp tine
acecompliehed aimood by Inspecion of the physk-caros-%ectlhmai structurr
of the tranmission line. -The method 6s applied to a nes* vrnatle tratnsmls-
io. Me, a alcrostrtp-slol line. and some numerical results are presented.

knowkn propaigation constant /i:

IIN FRkOM I IION Z_ (.Xt . ) J, ( N 4t d- x.) J ds),d 0

A FEW YEARS AGO, a miethod called the spectral-(I
domain technique was developed for efficient

numerical analyses for various planar transmission lines Z j ,). -/x-xdJ(x x=
and successfully applied to a number of structures 11I]. 12). ) +ZdJk A 0

One difficulty in applying this technique is that a lengthN (2)
derivation process is required in the formulation stage.
especially for the more complicated structures such as the w here J, and .. ire unknowkn current components on the

one recently' proposed 6n. Arkawa 131, 141 Ini which more strip itnd the ( reen's functions (impedance functions) Z,,.

than one conductor are located at different dielectric etc . ae funcio~is of unjknown fi as well. ['he integration

interfaces. This paper presents a simple method for deros- is over the strip, and il1 and (2) are valid on the strip. The

ing the dyadic (;reen's functions (imm-ittance functions) left-hand sides of these equations give E. and E, compo-

whih i baed n te tanserw eqivaentciruitcon- nents on the Strip and. hence, are required to be zero to

cept as applied in the spectral domain in conjunction with satisfy the budr odto ttepretycnutn

a simple coordinate transformation rule. This technique is 'strip. These equations may he solved provided that t,

quite versatile and the formulation of the Green's function etc.. are given. However, for the inhomogeneous struc-

may be done almost bv inspection in many structure'. It is tuehseqaiisar ) vilbencoedfm.

noted that symmetry in the structure is not required and In the spect~al domain formulation, we use Founer

that the anal~sis ca-n be extended to finite circuit ce- transforms of (I) and 12) and deal with algebraic equa-
tions

ments. such as the disk resonator..
In what fo~llows%, we first illustrate the foirmulatnion pro- /. dJ(sd+ Z/,(,d)J,(a.J)= E ,aod) (3)

cess for the microstrip line and subsequentlx extend it to ait
more general mnicrostrip-slot structure. Numerical results /,: 1)J Gwod I + I,,o-. J i)=E,(a.dc) (4)

for the microstrip-slot structure are also presented Instead of the co0111 olutron-isNpe coupled integral equations
S) and (2 f. In (1) and (4). quantities with -are Founrer

I. I t'StRA I1 Ot oI iiilti FM. I AMI iN( Io Ssi itrainsforms of corresponding quantities without - Thie

t'o Ill ustriate the formul i at in pro cess. wxe AdlI use at I o iie i t ransf& iri is defined ats
simple shielded microstrip line show ri III [re. I In comsen-d% 5
tional space-dinranri inakssiN 151. this structure Imi,, be (i k''1(5
analyzied by, first foit nuliting the f1ollowing coupled horro-

geeu inega gqain n hnsovn o h n Notice that the right-hand sides of (3) and (4) are no
gencus nteral quaton andthe sovingfortheun-longer /rro because the,, ire the I-ourier transfoirms of F.

aind~ I ,on tire Su bstfrate surface w hich ;ire oby ously

Manuscript reised (kiobe: 2(. 0Q711. rcvirc t [etru.iun 2. i1si0 ".% nori/erri escepi ont the strip H ence., a lgehraitc equations
work wai %uplxrredi in parr hN I IS krriS Reseiirch (ike undter Girant () arid (4) i'ntaiin foiri unknowns-----.1 ,.. and f.,.
DAA291 78 i014S ' I eeniaedltri h ou

"he author I% *iIh the- Department of VItcri At I INireerrrg. I niver I low4es r. 1l ind i, wilh lmn tdltri h ou
tit o( Texas. No.. I X i8t 2 tiori prrces bsed ont the ( alerkin's procedure.

(X118 w)4 So t)7X)_()7,; IStK) 71 .~t Il-Il1,1
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= ~ 1 -. il2 (12)

hwie . 2 (A 
2 is the propagation constant in

ihe I- direction in the tit)i region. All the houndar , condi-
tions for the TF and 1 10 waves are incorporated in the
equivalent circLuils. [or instance, the ground planes at

u I =Oan d i are represented bv short-circuits at respective

Fig 2 Coordinaie transformation places. I hc electric fields E, and E. are continuous at
y= d and arv related to the currents via

F_ L ~ (0.d) Z'( (Z. d)J, (a. d) (13)

- - /'and 2" are. the input impedances looking into the

Z, J kod) equivalent CIrCUIts at v = and are given by

Fig. 3. Eqwvaicn tiransmission lines for the nucrosu-rip lie. +k

The closed forms of Green's impedance functions Z:,,ZldV(b
etc.. can be derived by first writing the Fourier transforms +

of fie'. components in each region in terms of superposi- where YI and Y, wre Input admittances looking down and

tion of TM-to-v and TE-to-y expressions by way of up at Iv d in the TM equivalent circuit and Yt' and Y"
Maxwell's equations. are those in the 'IF circuit:

E(a, 0 = . 'cosh Yv. O~v <d Y,' =Y,,, cotli y,(h - d) YJ Y'M ct d (17)

B'coshy~2 h -y, d<v'<h (6) Y = Y1T I coth-v,(/ - d) Y4= Y-, coth -td (18)

Hj(aj) =A Asinh-y, _-, O<- < d The final step consist., of the mapping from the (u, ii to

= B"sinhyh- v, d<v <h (7)( v_) a coordinate system for the spectral wave corre-
- B snh~h- v). d~ < () pvnding to e-ach itt given by aand P3. Because of the

/772 W -coordiiiate tran.Nfrm (10). E, and E, are linear combina-
Y I y+P Ek Y2 A. (8 tions of P.,, ind 1, Similarlx. J, and J. are supei-positions

Next, we match tangential (x and z) components at the of J. and J, . When these relations are used, the imped-
interface and apply appropriate boundary conditions at ance matrix elements in (3) and (4) are found to be
the stnp 111, 12J. By eliminating A',. R', A A, and BA from - I 1) + A7(. d (19
these conditions, we obtain expressions for Green's in- Z,, ad)= + N2719
pedance functions 7, etc . oh) ,d) a, d)+ od

In the new formulation process we will make use of (201)
equivalent transmission lines in the Y direction. To this
end, we recognize that from Z(id f<A d+ rA(d)(21)

I ,- ~ here
= ) , (~y~ ~'" "''do (9) w /

all27 th fiel copnet ar ~.-cos 0. (22)
all he iel coponntsarea superposition if inhoinoge-

neous (in Y) waves propagating in the direction of P fromt

the : axis where t9= cos 1( /3/c) VW+ W/Y~~ . For each 9, Notice that 7i' and 2A ore functions of W2+1132 and the

wass may be deconipos ed into TM -to-v (E,.EJ. ). and ratio oif if io /3 enter% onl ' through %, and N,.

IT-to-i' (f H.iF. fi %vli-e the coordinates i and u are &. I I is easilJ. if shw thu i 19) (2 1 ) are identical to those

shown in Fig 2 and relaited with ( k. :) via previiitsly derived b\% means of boundary value problems

u=:sn9x coso Imposed on the field expression 111, 12).

1,= osf 0- + si I 9. (10) III, IA I I '.SiO to I II Mi( RiiSIRii'.Si 01

We recogniz~e that I, current creates only the I'M fields StRI[( It R1

and j. the TLF fields Hence, we can draw equivalent I he method presented tin the previous section ia be
circuits for the 1 M and FE fields as in Fig. 3. The extended to nroi e cotmplicaited structures such as the mi-
characteristic admittances in each region are crostrip-dl hia struclure in I-g. 4. Fhits structure is
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- recognize that t[ is the transfer impedance from Port 2
to Port I in the 1 M equivalent circuit. All other imped-

ance coefficients in (23) and (24) may be similarly derived.
- _0 I Impedance-matrix elements may be derived by the co-

ordinate transform identical to the one used in the micro-
Fig 4. Cross section of a microstnp-slot line. strip case. Some of the results are

r-- ------ 7 " 1 -- -' '* + N '!z- '  (30)N2. -', + 2N , (31)

22jO2 + N 2 2
5

S ... ... . , , ,, (32 )

The subscripts, say zc. indicate the direction of the field
7", . .7 E2 (E,) caused b) that of the contributing current (J,). The

- " 
(.--.-i superscripts, say 12. signifN the relation between the inter-

, face where the field is observed (1) and the one where the
____o_... current is present (2)

IV So)M- FFAIiRES Of THF. ME rOD
Fig 5 Equivalent transrmssion lines for the microstnp-slot line.

[he method presented here is useful in solving man)

believed to be useful in mans microwave integrated circuit printed line problems. We will summarize the procedure

designs because there is an additional degree of freedom for the formulation I) When the structure is given, we

in design due to the existence of the slot 131, 141, [61. The first draw TM and TF equivalent circuits. Each layer of

characteristic impedance and the propagation constant dielectric medium is represented by different transmission

may be altered from those in the microstrip line by lines and whenever conductors are present at particular

changing the slot width in the new structure. interfaces, we place current sources at the junctions be-

By companng the new structure with the microstnp line tween transmission lines. At the ground planes, these

in Fig. I. we may draw equivalent circuits in Fig. 5. From transmission lires are shorted. 2) We derive driig point
Fig 5. we get and transfer impedances from the equivalent circuits 3)

They are subseqaenih combined according to the sub-
E,(a.d+ t) =ZrJ,(a.,d+t)+ZiJ(a.d) (23a) and superscript conventions described in the previous

-j,+t)= Z,,J.(,d+t)+21ri.(a~d) (23b) section, and we obtain the necessary impedance matrix

elements.
F,(a.d)= Z',,(a.d t)+Z2'J(a,d) (24a) The method has certain attractive features:
/F,,lc.d)--/:',J od+ " t) + z2,J,(u1d) (24b) I) When the strUctures are modified, such changes are

easily accommodated. For instance, when our structure
where Z., is the driving point input impedance aty=d+ I has sidewalls, at say x = ± L, to completely enclose the
and Z,2 is the transfer impedance which expresses the printed lines, all the procedures remain unchanged pro-
contribution of the source at v = d to the field at y = d+ t. vided the discrete Fourier transform is used
Other quantities ma-, be similarly defined. Specifically. - , nir

4,(a) = f X )e dX, Ctf -- " (33)
' - - -- -(25) f 21,

Y" + ,21 On the other hand. when the top wall is removed, we only

1'= YrM coth y( h d - ) (26) replace the shorted transmission line for the top-most

Vi2 Y'coth -yt layer with a semi-infinitely long one extending toy - + Do.

= - y (27) 2) The formulation is independent of the number of
Y,'+ YIM~cothy 2i strips and their relative location at each interface. Infor-

where mation on these parameters is used in the Galerkin's

y'l= Y coth'yld, (28) procedure to solve equations such as (3) and (4).

It is readily seen that Y,' and Y,', are input impedances 3) For some structures such as fin lines 181, it is more

looking down at .=d and d+ t, respectively, while Y,' is advantageous to use admittance matrix which provides

the one looking upward at i= d+ r On the other hand the current on the fins due to the slot field. The formula-
tion in this case almost parallels the present one Instead

Y .M nhy. (29) of the current sources, we need to use voltage sources in
1 '" + )i M, coth yt the equivalent kircutt.

Here 4) It s c;iil, shown that the method is applicable to

I M 2 4 1 icoth y~ finite structies such as microstrip resonators anti anten-
Y "T - - - h nas Instead of (5). we need to use double t-ouner trans-

forms in % and : direci ons so that only the v dependence

is the input admittance looking upward at v.d We remains to allo, the use of equivalent circuit concept.
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5) C ertIain ph vsi ia I infornmlio ra is readily extracted.

tampedamermari relents ivsed fo thsersae reoacn
peutin. when eqmuated dosperon chaiatistlis thefo

sen foetr lowsdtied b a aaek n d procedurfe e-'l

ad poqles. and e presumteed. tHat tecurrth compo-e
naents on ited Arnductrs ar e d known. I- isemor ie adana

thoaperturefed intheslnothi Epn~and i t~o~ fhor th ltiheeponucd hssgessta h ud
fruain mroans, one bdiioa changingre toob

proimedrtan ret curen ncusdo the ductorcat -
ple.to hs n. Wcmued r iear n thaipancetc matrihle(~tt
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